To design cooled gas turbine blades, heat transfer coefficients around its surface are required. The calculated heat transfer data under operating conditions in the turbine are often inaccurate and require experimental verification. A method is presented here to determine the heat transfer coefficients around the blade surface and in the coolant channels. This requires measurements of the main stream and coolant temperatures together with the outer surface temperature distribution at varying mass flows. In order to conduct these tests in a gas turbine, test blades have to be specially prepared allowing the variation and measurement of coolant mass flow. 
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ABSTRACT
To design cooled gas turbine blades, heat transfer coefficients around its surface are required. The calculated heat transfer data under operating conditions in the turbine are often inaccurate and require experimental verification. A method is presented here to determine the heat transfer coefficients around the blade surface and in the coolant channels. This requires measurements of the main stream and coolant temperatures together with the outer surface temperature distribution at varying mass flows. In order to conduct these tests in a gas turbine, test blades have to be specially prepared allowing the variation and measurement of coolant mass flow. The heat transfer coefficients around a blade surface are important data in designing cooled gas turbine blades. Integral boundary layer approaches (1, 2, 3, 4) or finite difference methods (5, 6) are used for the calculation procedure. Uncertainties due to curvature, free stream turbulence, temperature field in boundary layer, transition region, surface roughness, etc. exist in the above methods. Relaminarisation of the boundary layer due to high acceleration, probable Gortler vortices on the concave surface together with high energy transport to the cooled wall are problems in the heat transfer analysis. Although enormous research continues in this field, exact determination of heat transfer coefficients around a cooled gas turbine blade is still far from reality (7, 8) . Direct measurement of heat transfer coefficients with special insulated probes is only possible in laboratory tests at low temperature. The heat transfer distribution in a cooled blade in the engine is, however, far from the ideal laboratory conditions. The laboratory tests are steps to verify the calculation under certain assumptions.
With a given distribution of the heat transfer coefficient around a blade section under steady operating conditions, the temperature field in the section is given by the Fourier equation
a2T
212T 0 aX 2 t3Y2 (1) The cooled blade section is drawn in the X,Y coordinate system as shown in fig. 1 , and the above equation neglects heat flux normal to the section. The numerical solution of eq. 1 with a finite difference computing technique (9) , using the boundary condition at the wall surface,
allows the determination of the blade temperature distribution for the design calculation. The blade section is divided into a significant number of small triangles. Apart from the main stream heat transfer coefficient data h g the temperature of the coolant and main streams denoted by T,oand the heat transfer coefficient of the coolant are required, (10, 11) . Due to the uncertainties in the heat transfer coefficient data, a comparison of calculated surface temperature distribution with measured values is sometimes unsatisfying, (7, 8) . Quite often various modified distributions of heat transfer coefficient have been used as trials to find the one giving the best comparison. Manipulations as far as an increase of 100% in certain regions were required. However, this is expensive and uncertain considering the fact that the coolant heat transfer data is uncertain as well. In the following, a method is introduced which allows one to determine the heat transfer distribution on the blade section from the measured surface temperature and coolant temperature distribution, together with coolant massflow in the engine. It does not require the coolant heat transfer coefficient. Thus, a verification of the calculated heat transfer coefficients can be realized.
CALCULATION PROCEDURE
The small element N in fig 
At X = 0, Y = t aT hg (T -T ao ) (5) aY k a g T ao and Ti o are the surface temperatures on the outside and inside, respectively at X = 0. Differentiating equation 3 with respect to Y and using the boundary conditions as given by equations 4 and 5, we derivêK
Differentiating equation 3 with respect to X dT = K 2 + 2 K1X, and can be written as dX dT dT dX dXa at corresponding X. It is furthermore a linear function of X. Obviously, K2 dTao (at X = 0 and Y = t)
Furthermore, from equation 3 with X = 0, Y = 0, we derive
and with X = 0, Y = t
For the small element N, we write the following heat balance equation
denotes the heat flow, with index g from the main stream to the blade, with index c from the blade to the coolant and index r representing the resultant heat flow in the X direction from the element. In equation 11, the individual heat flows are:
q c = h e (2da c ) (Ti -T c ) In case the heat flux from the two sides of the element in the X direction is such that a sharp bend in temperature distribution exists as e.g. on the leading edge of the blade, we write for the absolute value of the resulting temperature gradient. r T a and T i are mean surface temperatures of the element and can be described as follows:
a
The four equations, 10, 16, 17 and 18 are just sufficient for the four unknowns Tio, T a , T i and h g . The other quantities being known, e.g.:
• Aa g (which can be assumed), La = F p a g (F being the effective area ratio) and t. It should be noted that the analysis is valid for the particular element under consideration. The analysis for adjacent element will give a different dTl and will certainly dX r violate conservation of energy of the whole blade section. As described earlier uncertainties exist due to the coolant heat transfer coefficient on the element. This can be overcomed if temperature measurements of the blade surface at various coolant mass flows, as conducted in (11) and (12) exist. In such cases, it can be assumed that above a certain coolant mass flow m c , the coolant heat transfer coefficient can be written as follows:
The Nusselt number is defined by the hydraulic diameter d of the channel. m and n are exponents on Reynolds and Prandtl numbers Re and Pr, respectively, and are assumed not to vary above a sufficiently high value of coolant mass flow.)' is thermal conductivity of coolant. For a particular element with its corresponding coolant channel, and assuming that above a certain coolant mass flow, any variation in mass flow causing a coolant temperature change has little effect on the corresponding physical properties of the coolant, the following heat transfer equation can be written:
The constant K is a function of the channel geometry corresponding to the position of the element. Using equations 10, 16, 17, 18 and 19 the seven unknowns, Ti o , T a , Ti, h g , h c , K and m can only be determined if three blade surface temperature measurements for three different coolant mass flows are available. The number of points on the blade surface for which temperatures are measured must allow to determine dTa at discrete dX points with a certain accuracy. For suitable elements at different positions around the blades, one at the leading edge and a few on pressure and on suction sides, the above equations can be solved for each element to determine the heat transfer coefficient distribution around the blade at discrete points. Further, using equation 19 the coolant heat transfer coefficients can also be determined.
COMPARISON WITH DESIGN CALCULATION
In order to test the reliability of this method, design calculation results for a cooled blade (hub section with chord length 100 mm shown in fig. 3 ) are used. The cooling air flows radially in passage I from hub to tip and turns into II at the blade tip. It further flows from channel II into III to flow radially from hub to tip. The air exhausts from channel III from slots at trailing edge beginning from one-fourth blade height up to the tip section. The design calculation is according to (10, 11) where as a first approximation, the heat flux for a small element between the cooling passage and blade surface is calculated one dimensional for a predetermined hg . With a defined cooling passage area, hydraulic diameter and an assumed mass flow, the heat transfer coefficient hc and the pressure drop are calculated stepwise starting from inlet to the outlet at the trailing edge. With a few iterations, the calculation satisfying the required surface temperature for a given allowable pressure drop is complete obtaining cooling channel geometry and coolant massflow. With the known gas temperature T g and calculated h g , hc and T c distribution, the two dimensional temperature field in the blade section according to (9) as described earlier is calculated. For several blade elements shown in fig. 3 , we take from the design calculation the following data: It is interesting to know the sensitivity in the heat transfer coefficient due to possible error in measuring the above values. For two elements (see fig. 3 ), the percentage error in hg was determined for one percent error in the measurement of each of these individual values. Table 2 shows that particular care must be taken in measuring T g and T ao . Furthermore, for element 6 it is shown that errors of +5 or used in design calculation (A in Table 1) • result of present calculation using design calculation data (B in Table 1 ) 
CONCLUSION
The method presented here, allows the determination of the heat transfer coefficients around a cooled blade from the measured surface temperature distribution, main stream and coolant temperatures and coolant massflow. It is necessary to measure the above temperatures for varying massflows. As shown in (11, 12 ) such measurements in a gas turbine need specially prepared and instrumented blades. However, due to the uncertainties in the calculation of heat transfer coefficients both of main stream and coolant, it is worth taking the trouble in conducting these measurements in the engine. Special care must be taken in obtaining the temperature data T g and Tao, as the heat transfer data is sensitive to these values. Thus, an experimental verification of the calculated heat transfer coefficients is possible. The above described method for the determination of the heat transfer coefficients around a blade surface, is a contribution to the development of an effective and reliable blade cooling system for modern BBC gas turbines.
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